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 1 

Abstract 2 

 3 

We have measured Sm-Nd systematics including the short-lived 146Sm-142Nd 4 

chronometer in lunar ferroan anorthositic suite (FAS) whole rocks (15415, 62236, 5 

62255, 65315, 60025) with at least some members of the suite thought to be primary 6 

crystallization products formed by plagioclase flotation during crystallization of the 7 

lunar magma ocean (LMO). Most of these samples, except 62236, have not been exposed 8 

to galactic cosmic rays for a long period and thus require minimal correction to their 9 

142Nd isotope composition. These samples all have measured deficits in 142Nd relative to 10 

the JNdi-1 terrestrial standard in the range -45 to -21 ppm. The range is -45 to -15 ppm 11 

once the 62236 142Nd/144Nd ratio is corrected from neutron-capture effects. Analyzed 12 

FAS samples do not define a single isochron in either 146Sm-142Nd and 147Sm-143Nd 13 

systematics, suggesting that they either do not have the same crystallization age, come 14 

from different sources, or have suffered isotopic disturbance. Because the age is not 15 

known for some samples, we explore the implications of their initial isotopic 16 

compositions for crystallization ages in the range of 50-300 Ma after the beginning of 17 

accretion, a timing interval that covers all the ages determined for the ferroan 18 

anorthositic suite whole rocks as well as different estimates for the crystallization of the 19 

LMO. 62255 has the largest deficit in 142Nd and does not appear to have followed the 20 

same differentiation path as the other FAS samples. The large deficit in 142Nd of FAN 21 

62255 may suggest a crystallization age around 60-100 Ma after the beginning of solar 22 

system accretion. This result provides essential information about the age of the giant 23 

impact forming the Moon. The initial Nd isotopic compositions of FAS samples can be 24 

matched either with a bulk-Moon with chondritic Sm/Nd ratio but enstatite-chondrite-25 

like initial 142Nd/144Nd (e.g. 10 ppm below modern terrestrial), or a bulk-Moon with 26 

superchondritic Sm/Nd ratio and initial 142Nd/144Nd similar to ordinary chondrites.  27 

 28 

 29 

 30 

 31 

 32 

 33 
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1. Introduction 34 

 35 

Rocks from the lunar highlands are divided into two main sample suites, the 36 

ferroan anorthosite suite defined by Dowty et al. (Dowty et al., 1974) and the 37 

magnesium-rich plutonic suite (Warner et al., 1976). Four ferroan anothosite (FAN) 38 

subgroups were defined by James et al. (1989) on the basis of their modes and mineral 39 

compositions.  The ferroan anorthosites sensu stricto are composed of at least 90% 40 

plagioclase. Both petrographic and geochemical studies of FAS rocks suggest their 41 

derivation through crystallization from a single evolving magma, but no single 42 

petrogenetic model consistently explains all the characteristics of the various members 43 

of the FAS (e.g. (Floss et al., 1998; Haskin et al., 1981; James et al., 1989; Steele and 44 

Smith, 1973). Smith et al. (Smith et al., 1970).  Wood et al. (Wood et al., 1970) were the 45 

first to suggest that anorthositic rocks could be remnants of the earliest lunar crust 46 

formed by crystal fractionation and plagioclase flotation during the crystallization of the 47 

lunar magma ocean (LMO). Crystallization of the LMO is predicted to have produced 48 

distinct chemical reservoirs with dense mafic cumulates that later became the source of 49 

mare basalts, whereas the last liquid to solidify at the end of the crystallization would be 50 

enriched in incompatible elements and sampled by the KREEP basalts (enriched in K, 51 

rare earth elements (REEs) and P). 52 

The age of the Moon is an old debate and different approaches have been 53 

considered for dating the giant impact that formed the Moon. Accretion of the Moon 54 

from the impact-generated disk around Earth is a very short process (<103 years, 55 

(Pahlevan and Stevenson, 2007)). Since the LMO would crystallize very rapidly until the 56 

lunar crust formed (in less than a million years, (Elkins-Tanton et al., 2011; Solomatov, 57 

2000), the age of earliest lunar crust can be estimated by dating the FAS rocks. Dating 58 

these sample is challenging because they do not contain zircons and thus cannot be 59 

dated easily by U-Th-Pb systematics. They are essentially monomineralic plagioclase 60 

and in this case the dating by isochron method is compromised. Finally they are often 61 

brecciated due to the long exposure of the lunar crust to meteorite bombardment and 62 

shock metamorphism may have disturbed their radiometric systems. Two samples from 63 

the FAS provide concordant ages from multiple isotope dating techniques. Sample 64 

60025 was dated at 4360±3 Ma using the 207Pb-206Pb, 147Sm-143Nd and 146Sm-142Nd 65 

isotope systems (Borg et al., 2011) and an age of 4470±70 Ma was reported for 67075 66 
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using Rb-Sr and 147Sm-143Nd isochron methods (Nyquist et al., 2010). These samples do 67 

not belong the FAN group sensu stricto. FAN 60025 belongs to the mafic magnesian 68 

(MM) subgroup that contains more abundant mafic minerals. FAN 67075 is a feldspathic 69 

fragmental breccia that would be classified in the FAN group, however this sample 70 

contains REE concentrations that are 2 to 4 times higher than typical FANs. 71 

 72 

Coupled 142Nd-143Nd isotope systematics of lunar low-Ti and high-Ti mare basalts 73 

along with KREEP basalts have been used to constrain the age of crystallization of the 74 

lunar interior (Boyet and Carlson, 2007; Brandon et al., 2009; McLeod et al., 2014; 75 

Nyquist et al., 1995; Rankenburg et al., 2006 ) . These studies demonstrate that the Sm-76 

Nd systematics in the lunar mantle closed in the interval of 180-250 Ma after the 77 

beginning of solar system formation, depending on the model considered for lunar 78 

mantle differentiation. This age is consistent with the most recent results obtained on 79 

182Hf-182W (T1/2 = 8.9 Ma, (Vockenhuber et al., 2004) systematics measured on metals 80 

from lunar basalts and pure plagioclase separates from ferroan anorthosites that 81 

demonstrate no evidence for live 182Hf when the different lunar geochemical reservoirs 82 

formed (Touboul et al., 2007 ; Touboul et al., 2009). A prolonged lunar magma ocean 83 

crystallization interval might be expected given the insulating effect of the thick 84 

plagioclase crust (Solomon and Longhi, 1977), so closure of the Sm-Nd systematics in 85 

the lunar mantle, particularly in a late stage LMO component like KREEP, might 86 

substantially post-date the anorthositic crust formation. Moreover, dating the lunar 87 

interior using the planetary isochron method, involves many assumptions about the 88 

petrogenetic history of the samples used to define the isochron, and several alternative 89 

models have been proposed. These models call into question the chronological 90 

significance of a whole-rock isochron since various processes may have affected the 91 

lunar mantle early in its history including cumulate overturn (e.g. (Parmentier et al., 92 

2002) and tidal heating/melting (Meyer et al., 2010). Bourdon et al. (Bourdon et al., 93 

2008) reproduce this ~200 Ma 146Sm-142Nd “age” by a fractionation-mixing model 94 

running for 350 Ma. As the slope of the Sm/Nd-142Nd/144Nd correlation line is strongly 95 

influenced by the high-Ti basalts which have the highest Sm/Nd ratios, Carlson and 96 

Boyet (Carlson and Boyet, 2009) noted that a late formation of this source reservoir 97 

would significantly modify the slope of the regression line leading to an apparent age 98 

without geological meaning.  99 
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 100 

 101 

In order to provide more constraints on the timing of lunar crustal evolution and 102 

discuss the age of Moon formation, we have measured the 146Sm-142Nd and 147Sm-143Nd 103 

systematics in several FAS whole rock samples of (15145, 60025, 62236, 62255, and 104 

65315). Unfortunately not all of these samples have reliable crystallization ages because 105 

several are composed almost purely of plagioclase. Nevertheless, the 142-143Nd isotopic 106 

composition of bulk samples can provide information on the early evolution of the Moon. 107 

 108 

 109 

2. Sample description 110 

 111 

Five samples from the FAS have been measured for Sm-Nd isotopic composition 112 

in this investigation. Four of them were collected during the Apollo 16 mission that 113 

landed in the Descartes region (60025, 62236, 62255, and 65315). Sample 15415 was 114 

collected in a different region close to the Imbrium Basin. It is the only FAN collected at 115 

the Apollo 15 site.  Although this sample is often deemed to be pristine and minimally 116 

affected by impact, its geographic position suggests that it has been ejected from an 117 

impact into the lunar highlands. Pristine, in this context means only that the sample has 118 

low abundances of highly siderophile elements implying that it does not contain a 119 

meteoritic component contributed by impact. 120 

 Following the subgroups defined by James (1980), samples 60025, 62255 and 121 

65315 are coarse-grained granular rocks. 62236 has experienced a more intense 122 

recrystallization and belongs to the medium-grained granoblastic rocks. A detailed 123 

sample description of all the samples studied here can be found in the Lunar Sample 124 

Compendium. Most of FAS samples are breccias. Samples 62255 and 65315 are diamict 125 

breccias with two different lithologies: cataclastic anorthosite and clast-poor impact-126 

melt rock (James 1981). Sample 62255 is composed of 65% prisitine anorthosite and 127 

35% impact melt. Sample 65315 is described as a cataclastic anorthosite with a glass 128 

coating. The two analyzed fragments for samples 62255 and 65315 were selected from 129 

the anorthosite-dominated parts of the samples. Once ground, the splits analyzed were 130 

thoroughly examined under binocular microscope and found to contain nothing but 131 

anorthite. Sample 15415 is described as a pristine coarse-grained unbrecciated 132 



 6 

anorthosite composed of up to 98% plagioclase. The selected piece of 60025 was chosen 133 

because it was enriched in mafic minerals (about 25% of olivine and pyroxene) that 134 

allowed an internal 146,147Sm-142,143Nd isochron to be defined (Borg et al., 2011). The 135 

whole-rock fraction is essentially composed of plagioclase as shown by the Sm-Nd 136 

isotope similarity between this whole-rock measurement and that of the plagioclase 137 

separate (Borg et al., 2011). Sample 62236 is a noritic ferroan anorthosite that contains 138 

higher abundances of mafic minerals than typical FANs. In the compilation of modes for 139 

pristine FAS presented in Warren (1990) we note that 62236 and 60025 contain 17.5 140 

and 12.6 wt% of mafic minerals respectively and are classified into the mafic magnesian 141 

(MM) subgroup. These rocks have more abundant mafic minerals and they are more 142 

magnesian in composition than sensu-stricto FANs. All other samples analyzed in this 143 

study are typical ferroan anorthosites with plagioclase abundances up to 99.5%. 144 

Plagioclase compositions in FANs and in samples from the MM subgroup are 145 

similarFANs have the lowest REE abundances of any samples from the lunar crust due to 146 

the very low partition coefficients of these elements in plagioclase (except for Eu that is 147 

compatible under the 2+ valence state). Samples analyzed in this study are all poor in 148 

REE indicating that are mainly composed of plagioclase and have not undergone 149 

metasomatism, or contamination by a KREEP-rich source.  150 

 151 

 152 

3. Analytical techniques 153 

 154 

3.1. Sm-Nd separation 155 

 156 

Samples were analyzed during two different periods called series 1 and 2 in the 157 

Table 2. Because the REE contents are very low in FAS rocks (Nd<250 ppb), large 158 

samples must be dissolved to allow high precision Nd isotope measurements (Table 2). 159 

Samples 15415, 62255, and 65315 were analyzed during session one.  Four different 160 

isotope measurements were done: both Nd and Sm isotopic composition of unspiked 161 

fractions and Nd and Sm isotopic composition of spiked fractions for measuring the 162 

Sm/Nd ratio by isotope dilution. Samples 60025 and 62236 were analyzed during the 163 

second session. For these samples, a very pure 150Nd spike (99.99%) was used whose 164 

level of isotopic enrichment was such that the samples could be total-spiked because the 165 
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corrections to 142Nd from the spike were negligible. Moreover, the unspiked Sm isotope 166 

compositions had already been determined on these two samples (Borg et al., 1999 ; 167 

Boyet and Carlson, 2007; Carlson and Lugmair, 1988 ).  168 

 169 

A first set of experiments were performed on a terrestrial anorthosite before 170 

starting the series 1 lunar sample dissolution. We experienced difficulty in correctly 171 

measuring the Sm/Nd ratio on a small aliquot when the sample was dissolved using the 172 

common acid digestion technique (mixture of concentrated HF and HNO3 acids in sealed 173 

beakers placed on a hot-plate for 48 hours – identified as method 1 in figure 1). The 174 

Sm/Nd ratios obtained on separate dissolutions of the same sample powder using 175 

method 1 were not reproducible and always lower than those obtained using the fusion 176 

technique (methods 2 and 3 in figure 1). After HF-HNO3 dissolution, we could not obtain 177 

a clear solution in HCl when the aliquot to be spiked was taken. We suspect that a small 178 

amount of precipitate is the cause of the Sm/Nd fractionation. The same sample powder 179 

was dissolved by fusion with a mixed Li-metaborate/tetraborate fluxing agent and two 180 

tests were undertaken. The mixed Sm-Nd spike was added before (method 2) and after 181 

(method 3) the REE were co-precipitated with Fe. The co-precipitation occurred at pH 182 

5.5 (adjusted with ammonia) by adding a small quantity of Fe to the sample because the 183 

natural iron content in these samples was too low for efficient Fe precipitation. Identical 184 

143Nd/144Nd ratios were measured for both splits and they are equal to the ratio 185 

measured when the sample was unspiked and dissolved by the fusion technique (result 186 

not shown here). However, the measured 147Sm/144Nd ratios were not reproducible 187 

when the spike was added after the co-precipitation with Fe. On the basis of these 188 

results on the terrestrial anorthosite, samples 15415, 62255, and 65315 were processed 189 

following method 2. After the fusion step and once completely dissolved in 2M HNO3, 190 

10% of the sample solution was taken and spiked with a mixed 149Sm-150Nd tracer. Then, 191 

REE were co-precipitated.  From the precipitate, Sm and Nd were separated using two 192 

different columns and a chemistry procedure almost identical to that described in 193 

(Boyet and Carlson, 2005). REE are first separated on a cation resin using HCl and then 194 

Nd and Sm are separated from other REE on a 20-cm long cation resin column using 2 195 

methylactic acid. Due to the large sample size, the amount of flux used is important. The 196 

total analytical blank using 5 g Li-metaborate and 1 g sample is 3 ng for Nd and 0.6 ng 197 

for Sm. The uncertainty on the blank estimated from two repeated measurements is less 198 
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than about 10%. The isotope composition has been determined during the same 199 

measurements on the Triton. Although the isotope composition of the blank requires 200 

large correction due to the spike contribution, we measured the blank 201 

143Nd/144Nd=0.5014±0.005.  The blank correction changes the 147Sm/144Nd ratio of 202 

samples 15415, 62255, and 65315 by about 1% and the correction is negligible on the 203 

Nd isotope ratios.  204 

 205 

The analytical method was changed for the second set of experiments for FANs 206 

62236 and 60025. For these samples, a very pure 150Nd spike (99.99%) was used whose 207 

level of isotopic enrichment was such that the samples could be total-spiked because the 208 

corrections to 142Nd from the spike were negligible. The mixed 150Nd-149Sm spike was 209 

added before the dissolution procedure that used a mixture of concentrated ultra pure 210 

HF and HNO3 acids. Complete dissolution of such large, plagioclase-rich, samples 211 

requires very large acid volumes (e.g. 300 ml 6M HCl for 62236). The chemistry follows 212 

the Sm-Nd separation developed by Boyet and Carlson (Boyet and Carlson, 2005). 213 

However due to the large sample size, each sample was split into 6 aliquots and loaded 214 

onto separate first cation columns. The REE split from each column was then combined 215 

for further Nd purification on a 2-methylactic column. The Sm and Nd blank following 216 

this procedure is 0.3 ng and 1 ng, respectively, for 1 g of sample dissolved. Blank 217 

corrections have been applied to the measured data but can be considered negligible as 218 

they are lower than the analytical precision. 219 

 220 

 221 

3.2. Isotope measurements 222 

 223 

Isotope measurements were performed on the DTM Triton (Thermo Fisher 224 

thermal-ionization mass spectrometer). Nd and Sm were loaded on zone-refined Re 225 

filaments and measured in metal form. Sm isotope measurements were performed in 226 

static mode. Nd and Gd interferences were monitored on masses 146 and 155, 227 

respectively. For samples that have been exposed to cosmic rays for a significant period 228 

of time, the unspiked Sm isotope composition must be measured. When the Sm isotope 229 

compositions were available in the literature, these measurements were not redone 230 

(60025 and 62236). Results obtained using two different Sm isotope ratios for the mass 231 
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bias correction are presented in Table 1. Sm isotope composition is normally corrected 232 

to 147Sm/152Sm=0.56081, however this data correction can be compromised for samples 233 

enriched in Eu, which is the case for FAS rocks. 152Eu is produced by thermal neutron 234 

addition to 151Eu, and decays to 152Sm in a few tens of years. For this reason, data are 235 

also presented in Table 1 using the normalization ratio 148Sm/154Sm=0.49419. The 236 

external precision determined on the repeated measurement of the standard Sm using 237 

both normalization ratios is similar (≈ 20 ppm on 149Sm and 150Sm isotope ratios). The 238 

external reproducibility has been estimated from repeated measurements of the Sm 239 

terrestrial standard (n=4). The same range of precision was obtained on the DTM Triton 240 

during previous isotope studies in which more standards were measured (Boyet and 241 

Carlson, 2007 ; Carlson et al., 2007).  242 

 243 

For Nd isotope measurements, a two-step multicollector scheme was used that 244 

allowed the determination of the 142Nd/144Nd dynamically whereas all other ratios are 245 

determined statically on the same acquisition line. Faraday cups are centered 246 

successively on masses 145 and 143 and the 142Nd/144Nd ratios measured on the second 247 

line are corrected using the 146Nd/144Nd ratios measured on the first line. Isotope ratios 248 

determined in static routine are corrected using the 146Nd/144Nd ratio measured in the 249 

same line using an exponential law and a 146Nd/144Nd ratio equal to 0.7219. The quality 250 

of the Nd chemical separation is monitored by measuring 140Ce and 147Sm on L4 and H2 251 

Faraday cups, respectively. The external precision is defined by repeated runs of the 252 

JNdi-1 terrestrial standard.  We obtained an average 142Nd/144Nd ratio of 1.141837 253 

during the two sessions with a precision better than 6 ppm (Table 2). 143Nd/144Nd ratios 254 

measured on the JNdi-1 isotope standard are equal to 0.512109±3 (n=3) and 255 

0.512112±2 (n=6) for sessions 1 and 2, respectively (Table 2). This value is in 256 

agreement with the reference value for this standard (0.512115±7 (Tanaka et al., 2000). 257 

Each measurement consists of 27 cycles of 20 ratios (8s integration). For FAS samples, 258 

the runs were shorter due to the lower quantity of Nd loaded (Table 2).  259 

 260 

 261 

 262 

4. Results 263 

 264 
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4.1. Sm isotope data and neutron capture correction 265 

 266 

Because the lunar surface is exposed to galactic cosmic rays, the Sm and Nd 267 

isotopic composition of lunar rocks can be modified by secondary neutron capture. The 268 

isotopic composition of Sm is used to correct Nd isotope composition when an extended 269 

exposure history is identified. The isotope 149Sm is used as a basis for this correction 270 

because it has the largest neutron capture cross section of all Sm and Nd isotopes. As 271 

explained in the previous section, Sm isotope compositions have been determined for 272 

samples 15415, 62255 and 65315, whereas samples 60025 and 62236 were measured 273 

previously by (Boyet and Carlson, 2007) and (Borg et al., 1999) respectively. The Sm 274 

isotope composition of 60025 is normal (Boyet and Carlson, 2007) and the two 275 

fragments of 62236 analyzed by Borg et al. (1999) and during this study are derived 276 

from ~10 cm of one another so even if the neutron fluence effect is depth dependant, we 277 

can reasonably assume that the two aliquots share a common Sm isotope composition. 278 

The Sm isotope results are presented using two different normalization schemes, 279 

147Sm/152Sm=0.56081 and 148Sm/154Sm=0.49419 in Table 1. Results are compared in 280 

figure 2 and previous data obtained on mare basalts using the same instrument are also 281 

presented (Boyet and Carlson, 2007). For mare basalts, the same 149Sm and 150Sm 282 

values are determined using either normalization scheme. In contrast to FAS rocks, 283 

mare basalts tend to be depleted in Eu relative to other REE.  In FAN samples, the choice 284 

of normalization ratio is important as shown by sample 15415 in figure 2A, because of 285 

the significant production of 152Sm by neutron capture by 151Eu.  The Sm isotope 286 

composition calculated using 147Sm/152Sm for fractionation correction does not lie on 287 

the 149Sm-150Sm correlation line. FAN 62236 is strongly affected by neutron capture 288 

(149Sm=-31; Borg et al., 1999), 15415 is only slightly affected by neutron capture 289 

(149Sm=-15), and the 3 other FAS rocks (60025, 62255, and 65315) have terrestrial 290 

149Sm and 150Sm abundances.  291 

 292 

 The Nd isotope ratios of samples exposed to large neutron fluences also are 293 

modified by neutron capture.  Two different correction schemes have been proposed 294 

based on different estimates of the 149Sm capture cross section: 41,000 barns 295 

(Lingenfelter et al., 1972 ; Nyquist et al., 1995) and 71,627 barns (Rankenburg et al., 296 

2006). The difference in the magnitude of the correction to 142Nd/144Nd ratios changes 297 
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by a few ppm depending on which cross section is used (figure 2B). The y-axis on figure 298 

2B represents the magnitude of the correction on the 142Nd/144Nd ratio relative to the 299 

exposure ages of the samples. For sample 62236, which is in this study the sample the 300 

most affected by neutron capture, the method of correction changes the final 301 

142Nd/144Nd ratio by 12 ppm. This is the only sample for which the difference is higher 302 

than the analytical precision defined by replicate analyses on Nd standards (error bar 303 

represented in Figure 2B). We decided to present results obtained from the correction 304 

method developed by Rankenburg et al. (Rankenburg et al., 2006) in Table 2 because 305 

this method uses the most recent data available for neutron capture cross sections of Sm 306 

and Nd isotopes. Moreover the quality of the correction has been thoroughly examined 307 

by looking at the 145Nd/144Nd ratios of the same lunar samples (Brandon et al., 2009). 308 

The 145Nd isotope is the most affected by large neutron fluxes.  The method developed 309 

by Rankenburg et al. (Rankenburg et al., 2006) and Brandon et al. (Brandon et al., 2009) 310 

can reproduce terrestrial 145Nd/144Nd ratios in samples with significant neutron capture 311 

histories where uncorrected ratios change by about 30 ppm for the most affected 312 

samples (see results from Model 1, Table 5 in (Brandon et al., 2009). The 145Nd/144Nd 313 

ratios are presented in Table 2. We note that all samples show a terrestrial 145Nd/144Nd 314 

ratio within error whereas a small deficit in 145Nd is expected for sample 62236 315 

(145Nd of 0.8 ± 3.9 ppm, mean of the 2 measurements). For comparison the KREEP 316 

sample 15386 that has a 149Sm deficit similar to that of 62236 has a deficit in 145Nd of -317 

15±4 ppm (Brandon et al., 2009).318 

 319 

 320 

4.2. Sm-Nd systematics 321 

 322 

The samples in this study were measured during two analytical sessions 323 

separated by an interval of one year.  The Nd isotope ratios measured in static mode did 324 

not change over this time interval. In the configuration used, 142Nd/144Nd ratios are 325 

determined in both static and dynamic modes (Table 2). All static and dynamic ratio 326 

measurements are in good agreement, except for the sample 65315 (Figure 3). This 327 

sample produced very low signal intensity that declined continuously during a short run 328 

of 180 ratios. Given these concerns over data quality for 65315, we will not consider the 329 

142Nd/144Nd ratio measured for this sample in the discussion.  330 
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 331 

All FAS rocks have 147Sm/144Nd ratios lower than 0.16, except for 62236 that has 332 

a ratio of 0.1768. This sample has the highest 143Nd/144Nd ratio and the lowest deficit in 333 

142Nd (-15 ppm, average of two measurements) relative to the terrestrial standard. All 334 

other FAS rocks have 143Nd/144Nd ratios in the range of 0.511323 to 0.511542 and 335 

142Nd/144Nd ratios between -45 to -26 ppm relative to the terrestrial standard. Data 336 

obtained for 60025 on the DTM Triton in 2007 can be compared to our more recent 337 

measurement. The 142Nd/144Nd ratios measured in these two fractions are identical 338 

within error (142Nd= -21± and -26± in Boyet and Carlson (2007) and in this study, 339 

respectively) however 143Nd/144Nd ratios are different. A ratio of 0.511542 was 340 

measured in the current study (data published in Borg et al., 2011) while we measured a 341 

ratio of 0.511348 in a previous study (Boyet and Carlson, 2007). We did not determine 342 

the 147Sm/144Nd ratio in 2007 due to analytical problems with sample dissolution. The 343 

difference in measured 143Nd/144Nd ratios could reflect a small variation of 147Sm/144Nd 344 

ratio in the different whole rock aliquots. Considering the 147Sm-143Nd isochron of Borg 345 

et al. (2011), we estimate a Sm/Nd ratio of 0.1519 for the bulk rock sample analyzed in 346 

2007 (a correction on the 143Nd/144Nd ratio has been applied to our 2007 results since 347 

the mean obtained on the JNdi-1 standard during this period of measurement was 348 

0.512119±6 for n=3 in 2007).  A change of Sm/Nd ratio of this magnitude would have 349 

only a minor effect on the 142Nd/144Nd ratio because at 4.36 Ga, the age of crystallization 350 

of 60025, 146Sm has already largely decayed to 142Nd. The calculated initial 142Nd/144Nd 351 

ratio would change by less than 5 ppm. The long-term evolution of FAS rocks with sub-352 

chondritic Sm/Nd ratios produces 143Nd/144Nd ratios lower than the chondritic ratio 353 

(0.512630; (Bouvier et al., 2008).   354 

 355 

Our data for 62236 are not similar to those measured on the same sample by 356 

Borg et al. in 1999. We measure a large deficit in 142Nd relative to the terrestrial 357 

standard (average of the two measurements: 142Nd of -31.9±3.5 ppm) whereas they 358 

analyzed two different fractions of this sample and measured small 142Nd deficits of -359 

4±12 ppm and -2±25 ppm. Results obtained on the 147Sm-143Nd systematics are also 360 

slightly different. Our WR measurement falls slightly to the right of their isochron 361 

(Figure 4). We note that the Borg et al. whole rock data for 62236 were obtained on 27 362 

mg sample sizes (< 5 ng Nd) using NdO+ whereas our measurement used 2.78 grams of 363 
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sample. The quantity of Nd measured is more than 100 times higher and was measured 364 

using the Nd metal ion, thus eliminating the need for correction for oxygen isotopes. The 365 

explanation for this shift remains unclear, however, a small effect coming from the spike 366 

calibration or the blank correction in the first study is suspected. The initial 143Nd/144Nd 367 

ratios expressed in epsilon notation and calculated back to the Sm-Nd isochron age of 368 

4.29 Ga (Borg et al., 1999) changes from +3.1 (Borg et al., 1999) to +0.62 for the data in 369 

this study.  370 

 371 

 372 

5. Discussion 373 

5.1. Age of FAS rocks 374 

 375 

Among the FAS rocks analyzed here, only two samples have been dated using Sm-376 

Nd systematics. Borg et al. (2011) published an age of 4.360±0.003 Ga for 60025. For the 377 

first time for a lunar FAS rock, the same age was obtained for one sample by 3 different 378 

chronometers (Pb-Pb and 146Sm-142Nd, 147Sm-143Nd). This age is younger than the 379 

previous 147Sm-143Nd age determination obtained on the same sample (Carlson and 380 

Lugmair, 1988).  Although the Carlson and Lugmair (1988) isochron was based on a 381 

larger number of analyzed fractions and larger spread in Sm/Nd ratios of the separated 382 

mineral fractions, the quantity of Nd analyzed was low (from 1.5 to 20 ng with all mafic 383 

phases below 6 ng Nd) and was measured as the NdO+ ion. Compared to the techniques 384 

used here, the Carlson and Lugmair (1988) data required corrections for both the O 385 

isotope composition and a larger blank contribution. Borg et al. (2011) noted that if the 386 

blank contribution is doubled, both age determinations are identical within error. 387 

Sample 62236 was dated at 4.29±0.06 Ga by internal 147Sm-143Nd isochron (Borg et al., 388 

1999). As discussed in the previous section, several reasons (spike calibration, blank 389 

contribution, sample size), can be invoked to explain the small discrepancy between our 390 

measurement of the 62236 whole rock and those of Borg et al. (1999).  Our data suggest 391 

a significantly lower initial 143Nd and measured 142Nd when calculated relative to the 392 

JNdi standard ratio (+0.62 and -0.32 epsilon, respectively) compared to the values 393 

published in Borg et al. (1999) (+3.1 and +0.03 epsilon, respectively) at the 4.29 Ga age 394 

determined by Borg et al. (1999). The difference between our whole rock 62236 data 395 
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and that measured by Borg et al. (1999) also introduces the question of the accuracy of 396 

the surprisingly young age. 397 

 398 

When all our FAS WR data are plotted on a 147Sm/144Nd vs 143Nd/144Nd isochron 399 

diagram they define a scattered array with a best-fit slope yielding an unrealistic old age 400 

of 4.90±0.27 Ga (MSWD=8.3) (Fig 5). The regression line is strongly controlled by 62236, 401 

because all the other FAS whole rocks measured here have very similar Sm/Nd ratios 402 

with a range of only 5%. When this sample is not included in the regression, the slope of 403 

the line is even steeper, however, the very small range of Sm/Nd ratios yields an 404 

imprecise slope corresponding to very imprecise age of 4.9 ±1.6 Ga with an uncertainty 405 

large enough to encompass any reasonable age for the FAS rocks. The 147Sm-143Nd 406 

isotope compositions of samples 15415, 62255 and 65315 do not fall on the 60025 Sm-407 

Nd internal isochron. Either these samples do not come from the same reservoir and/or 408 

were not formed at the same time as 60025. Moreover the intense meteorite 409 

bombardment occurring during the period 4.2-3.9 Ga observable on the lunar surface 410 

may have disturbed the isotope systematics of the exposed FAS samples.  Most of these 411 

samples are breccias and often have disturbed Rb-Sr and/or Ar-Ar ages that record ages 412 

significantly younger than those obtained using a system like Sm-Nd with a higher 413 

closure temperature. Although the Sm-Nd system is considered to be one of the more 414 

robust chronometers (Gaffney et al., 2011), open system behaviour in Sm-Nd in some 415 

lunar crustal rocks clearly is evident (e.g. 78236: (Carlson and Lugmair, 1981; 416 

Edmunson et al., 2009; Nyquist et al., 1981). Additional evidence for Sm-Nd disturbance 417 

has been provided by the comparison of 147Sm-143Nd model ages in coexisting 418 

plagioclase and pyroxene. Norman et al. (2003) argue that samples showing different 419 

model ages calculated for both plagioclase and mafic mineral fractions have been 420 

disturbed, possibly by impact metamorphism. Norman et al. (2003) showed that 421 

plagioclase model ages present a large scatter, but mafic phases in FAS rock show less 422 

scatter and yield an age of 4.46 ± 0.04 Ga.  423 

 424 

When 142Nd/144Nd ratios are plotted versus Sm/Nd ratios, the FAS whole rocks 425 

define a steep correlation over a very narrow range in Sm/Nd ratios (Figure 7). This 426 

correlation supports an age of crystallization of FAS rocks during the lifetime of 146Sm. 427 

The slope of the regression line considering WR measurements yields a 146Sm/144Sm 428 
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ratio of 0.0061 ± 0.0096 (grey line). The uncertainty on this slope is large enough to 429 

encompass essentially any reasonable age for FAS rock formation. The Sm/Nd-430 

142Nd/144Nd regression for 60025 has a lower slope and yields an age of  (using 431 

the new decay constant published for 146Sm, T1/2= 68 Ma (Kinoshita, 2012), and the solar 432 

system initial 146Sm/144Sm ratio of 0.0094 recalculated from the value of Boyet et al. 433 

(2010)) or 4318 Ma considering the longer half-life of 103 Ma for 146Sm. Sample 62236 434 

falls on the 60025 internal isochron, whereas 15415 is slightly below but within error of 435 

the two 60025 measurements. The FAN 62255 has the lowest 142Nd/144Nd ratio and falls 436 

below the 60025 internal isochron. When this sample is not considered in the regression 437 

we obtain a 146Sm/144Sm ratio of 0.0039 ± 0.0035 for the remaining samples, which 438 

corresponds to an age of  Ma (T1/2146Sm=68 Ma) or  Ma (T1/2146Sm=103 439 

Ma), similar within error to the age of 60025. Sample 62255 has a large deficit in 142Nd 440 

of -45 ppm relative to the terrestrial standard.  The age of this sample has never been 441 

determined. In order to develop such a large deficit in 142Nd, this sample must have been 442 

formed very early in solar system history.  The largest deficits previously reported in 443 

142Nd measured in lunar samples were up to -20 ppm in KREEP-rich samples (Boyet and 444 

Carlson, 2007 ; Brandon et al., 2009). So far the oldest Sm-Nd internal isochron age for a 445 

FAN has been determined on a noritic anorthosite clast from the lunar breccia 67016. 446 

Among the two analyzed splits of 67016, a well defined age of 4.562±0.068 Ga was 447 

determined (Alibert et al., 1994). However when the regression is calculated using the 448 

Isoplot program (version 3.41b, rev. 16 Nov 2005; (Ludwig, 1991)) ages of 4.566±0.250 449 

Ga (MSWD=3.6) and 4.666±0.056 Ga (MSWD=1.9) are obtained for splits ,328 and ,326, 450 

respectively.  The result for split ,328 thus is too imprecise to constrain the age of FANs, 451 

and the result for split ,326 must be inaccurate because it is older than the solar system 452 

and could be induced by small-scale disturbance of the Sm-Nd system in the plagioclase 453 

(Alibert et al., 1994).  Another FAN dated by 147Sm-143Nd provided an age of 4.43 ± 0.03 454 

Ga (Nyquist et al., (Nyquist et al., 2006) using mineral fragments from a feldspathic 455 

breccia clast in the Yamato-86032 lunar meteorite, again, as with 60025, more 456 

consistent with a FAN formation age substantially after the formation of the solar 457 

system. The geochemical composition of this sample suggests that it comes from a 458 

different region than that sampled during the Apollo 16 mission (Yamaguchi et al., 2010). 459 

 460 

  

4394-17
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+233
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The available isotopic data for FAS rocks thus do not clearly resolve whether all 461 

these samples formed simultaneously by crystallization of a LMO or over an extended 462 

interval as suggested by the wide range in internal isochron ages.  The lack of variation 463 

in 182W/184W in lunar metals precludes global differentiation of the Moon prior to 4.50 464 

Ga (Touboul et al., 2007; 2009) thus calling into question very old FAS rock ages such as 465 

determined for 67016.  The lack of isochronous relationships in figures 6 and 7 does not 466 

support simultaneous formation of all the FAS rocks from a common source, but the 467 

expected linearity could be affected either by slow cooling (McCallum and O'Brien, 468 

1996) and different excavation times of the different samples from deep in the lunar 469 

crust, or alternatively simply reflect disturbance to the Sm-Nd systematics due to shock. 470 

 471 

 472 

5.2. Initial Nd isotope composition of FAS rocks 473 

 474 

Another approach to understand FAS origin is to consider the initial radiogenic 475 

isotope composition the samples had at their crystallization age. Because 146Sm was still 476 

alive when these samples formed, a correction is required for radiogenic ingrowth to the 477 

measured data for both 146Sm-142Nd and 147Sm-143Nd isotope systematics. Correcting the 478 

measured values to the correct crystallization age is critical for the interpretation of the 479 

initial isotope systematics. In the previous section we discussed the difficulty in 480 

determining the age of crystallization for FAS rocks and the question of whether the 481 

wide range in internal isochrons available record a prolonged formation interval for FAS 482 

rocks, variable cooling rates for rocks stored deep in the crust, or later metamorphic 483 

disturbance. Given the large age uncertainty for FAS rocks, the initial 142Nd and 143Nd 484 

isotope compositions for the samples studied here have been recalculated for a range of 485 

probable ages.  These results are presented in figure 7.  In 2012 a shorter 146Sm half-life 486 

was proposed (68 Ma, (Kinoshita, 2012) instead of the value of 103 Ma determined 487 

previously. We have decided to present the initial 142Nd/144Nd ratios calculated using 488 

the two different decays constants because the results of Kinoshita et al. have been 489 

questioned recently by internal 146,147Sm-142,143Nd isochrons on CAIs (Marks et al., 2013; 490 

Borg et al. 2014). For all samples, the initial 142Nd and 143Nd isotope compositions are 491 

shown for crystallization ages ranging from 4518 Ga (T=50 Ma represented by the 492 

circles) to 4268 Ga (T=300 Ma represented by the arrows). This age interval of 250 Ma 493 
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fits the range of ages determined for FAS samples. A timing interval of 50 Ma can be 494 

considered as a older limit that corresponds approximately to the age of 67075 (Alibert 495 

et al., 1994) and is consistent with 182W measurements (Touboul et al., 2007; 2009). The 496 

younger limit is the 147Sm-143Nd age of 62236 (Borg et al., 1999). Since FAS rocks have 497 

147Sm/144Nd ratios lower than those of chondrites, their calculated initial 142Nd and 498 

143Nd increase as the ages get older. In figure 7, the Sm-Nd ages determined for 60025 499 

(Borg et al., 2011) and 62236 (Borg et al., 1999) are indicated by the squares along the 500 

appropriate curves. This figure shows that a small variation in the sample age will lead 501 

to a significant difference in the calculated initial Nd isotope ratio, with correspondingly 502 

large consequences for the interpretation of the initial isotopic composition. For 503 

example if we calculate the initial 142Nd/144Nd ratio for the 60025 whole rock at 4.367 504 

Ga (the age derived from the 147Sm-143Nd isochron) we obtain an initial 142Nd = -18 505 

ppm, equal to the present-day 142Nd/144Nd of ordinary chondrites (Boyet and Carlson, 506 

2005) at this time considering the half-life of 68 Ma. Instead if we consider the age 507 

determined from the 146Sm-142Nd isochron (4.39 Ga for the 146Sm half-life of 68 Ma), the 508 

initial 142Nd value changes to +2 ppm.  The calculated initial 142Nd/144Nd ratios are 509 

similarly sensitive to the 146Sm half-life and assumed initial 146Sm/144Sm.  For example, 510 

the same calculation quoted above, but using the 103 Ma half life, leads to initial 142Nd  511 

= +6 ppm at 4.367 Ga and +2 ppm at 4.32 Ga (the 146Sm-142Nd age is different here 512 

because of the change of the decay constant). 513 

 514 

In the model age evolution diagram shown in figure 7 we have considered 3 515 

different Sm-Nd reference parameters for the bulk Moon: 1) Evolution using the CHUR 516 

parameters defined for the 147Sm-143Nd systematics (Bouvier et al., 2008) and the 517 

average 142Nd/144Nd ratio measured for ordinary chondrites (142Ndtoday=-18 ppm / 518 

JNdi-1 standard; (Boyet and Carlson, 2005) in figure 7 A,B; 2) Evolution using the CHUR 519 

parameters defined for the 147Sm-143Nd systematics (Bouvier et al., 2008) and the 520 

average 142Nd/144Nd ratio of enstatite chondrites (142Ndtoday=-10 ppm / JNdi-1 521 

standard; Gannoun et al., 2011) in figure 7 C,D and 3) Evolution using the Sm-Nd 522 

parameters defined for the EDR (Early Depleted Reservoir; (Boyet and Carlson, 2005) 523 

that is similar to the parameter SCHEM defined by (Caro et al., 2008): 524 

147Sm/144Nd=0.209 and 142Ndtoday= 0 ppm / JNdi-1 standard in figure 7 E,F. The 525 

carbonaceous chondrites are not considered because they have nucleosynthetic 526 
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anomalies in numerous isotopes (e.g. 144Sm, 148Nd (Andreasen and Sharma, 2006; 527 

Carlson et al., 2007)) in comparison to terrestrial and lunar samples suggesting that they 528 

have not played a major role in the accretion of the Earth-Moon system. 529 

In all the diagrams presented in figure 7, both the upper left and the bottom right 530 

quadrants are not consistent with a coupled evolution of both 146Sm-142Nd and 147Sm-531 

143Nd systematics. A key observation in figure 7 is that the isotopic evolution paths of 532 

the FAS rocks do not cross at a single age, hence these data do not provide support for 533 

the idea that FAS rocks formed from a single source at a single time. The initial Nd 534 

isotopic compositions calculated for 62236 also lie outside of the possible single-stage 535 

source evolution curves, but cross these curves at younger ages. Of the samples analysed 536 

here, 60025, 62255 and 62236 have 142Nd and 143Nd systematics that can be explained if 537 

these three samples derived from a common source over a wide range in time.  For 538 

example, if the FAS source evolved with chondritic Sm/Nd ratio prior to FAS rock 539 

genesis, 62255, 60025 and 62236 provide 147Sm-143Nd model ages of 4.51, 4.42 and 4.11 540 

Ga, respectively. They can produce 146Sm-142Nd model ages that agree with their 147Sm-541 

143Nd model ages if the FAS source has 142Nd/144Nd about 6 (103 Ma half life) to 10 (68 542 

Ma half life) ppm lower than the value calculated from a terrestrial Nd standard such as 543 

JNdi-1. A similar lunar initial 142Nd/144Nd has been suggested by Sprung et al. (2013) 544 

and Carlson et al. (2014). These results present at least two complications to current 545 

models of lunar crustal genesis. First, if the FAS rocks are flotation cumulates from the 546 

magma ocean, the range in crystallization and model ages imply that the lunar crust 547 

formed over an interval of at least 200 to 400 Ma, and its formation continued past the 548 

time when Mg-suite magmas were being intruded deep into the lunar crust (Carlson et 549 

al., 2014). A prolonged melting/remelting interval for the lunar crust might be expected 550 

if tidal heating of the crust was significant (Meyer et al., 2010).  A complication, however, 551 

is that the wide range in model ages for the FAS rocks requires that a source with 552 

chondritic Sm/Nd ratio be preserved over this interval, but essentially all lunar crustal 553 

rocks, including FAS, Mg-suite, and KREEP, have markedly subchondritic Sm/Nd ratios. 554 

The initial Nd isotope composition for FAN 15415 cannot be explained by any of these 555 

models, as its evolution curve never overlaps the single-stage differentiation curves in 556 

the 50-300 Ma timing interval (Figure 7).  557 

 558 
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An alternative to consider is that the source evolution of the FAS rocks was more 559 

complicated than a simple one-stage (e.g. chondritic Sm/Nd until their formation) 560 

evolution.  For example, a super-chondritic composition for the Moon was initially 561 

suggested on the basis of positive initial 143Nd seen for many lunar crustal rocks (e.g. 562 

(Carlson and Lugmair, 1988), but more recent results suggest near chondritic to slightly 563 

negative initial  Nd for both FAS rocks (e.g. 60025, Borg et al., 2011) and high-Mg 564 

suite rocks (Borg et al., 2013; Carlson et al., 2013). The possibility that the bulk Moon 565 

initially had superchondritic Sm/Nd ratios, however, is supported by the 146Sm-142Nd 566 

systematics of KREEP and mare basalts.  When the 146Sm-142Nd data for KREEP and 567 

mare basalts are plotted in a Sm/Nd vs. 142Nd/144Nd plot, they define a line that passes 568 

above the 142Nd/144Nd value measured for ordinary chondrites at chondritic Sm/Nd 569 

ratio (Boyet and Carlson, 2007 ; Brandon et al., 2009). If the Moon started with a 570 

142Nd/144Nd similar to ordinary chondrites, estimates of the 147Sm/143Nd ratio needed to 571 

explain the KREEP and mare basalt data are consistent with values suggested for the 572 

early Earth’s mantle that range from 0.209 to 0.211 (Boyet and Carlson, 2005 ; Carlson 573 

and Boyet, 2008 ; Caro et al., 2008).  This conclusion, however, depends critically on how 574 

much of the variability in 142Nd/144Nd is due to nucleosynthetic causes and not the decay 575 

of 146Sm in chrondritic materials. As mentioned previously, if the lunar initial 576 

142Nd/144Nd was about 10 to 14 ppm higher than the average initial 142Nd/144Nd 577 

determined for ordinary chondrites, which would be in the range of the average initial 578 

142Nd/144Nd of enstatite chondrites (Gannoun et al., 2011), then at least 62255, 60025 579 

and 62236 can be modelled as being derived a source evolving with chondritic Sm/Nd 580 

ratio. Chondritic Sm/Nd and Lu/Hf ratios in the bulk-Moon have been proposed recently 581 

by Sprung et al. (Sprung et al., 2013) meaning that the 142Nd/144Nd ratio of the lunar 582 

mantle would be ~12 ppm higher than that of ordinary chondrites.  583 

 584 

Given the uncertainty in the age of the FAS rocks, figure 8 considers the evolution 585 

of their initial Nd isotopic compositions over a range in ages.  The initial 142Nd/144Nd 586 

ratios for 62236, 60025 and 15415 converge towards a value about 5 ppm below an age 587 

corrected JNdi-1 value (assuming chondritic Sm/Nd ratio when back-calculating JNdi 588 

evolution) at about 4.47 Ga (T= 100 Ma).  This 142Nd/144Nd could be reached starting 589 

from an ordinary chondritic initial 142Nd/144Nd assuming a source 147Sm/144Nd ratio of 590 

about 0.209, a value suggested for explaining the 142Nd excess measured in terrestrial 591 
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samples relative to ordinary chondrites (Boyet and Carlson, 2005). Alternatively, if the 592 

Moon’s initial 142Nd/144Nd was closer to the average determined for enstatite chondrites, 593 

then this starting point would be reached if the source of FAS samples had a chondritic 594 

Sm/Nd ratio between 4.568 and 4.47 Ga.  Complicating this explanation, however, is the 595 

fact that the Sm/Nd ratios of the FAS rocks are similar, so the evolution of their initial 596 

143Nd/144Nd is essentially parallel to one another.  What this means is that there is no 597 

single time when all of these samples had the same 143Nd/144Nd.  This leaves two the 598 

options: (1) that the FANs are derived from a common source, but over a wide (200+ 599 

Ma) age range, or (2) that their Sm-Nd systematics are disturbed enough to obscure 600 

their connection to a single source at a single formation age. 601 

 602 

FAN 62255 has a lower initial 142Nd/144Nd ratio compared to other FAS samples 603 

measured in this study. In order to reach its very low 142Nd/144Nd ratio, this sample 604 

must have evolved in a very early-differentiated reservoir characterized by a low Sm/Nd 605 

ratio. For example a reservoir formed at 4.568 Ga having a 147Sm/144Nd of 0.187 would 606 

evolve to the initial 142Nd/144Nd ratio calculated for 62255  (deficit of -13 ppm relative 607 

to ordinary chondrites at T=150 Ma). An alternative explanation would be that 62255 608 

crystallized early in solar system history before other FAS samples analyzed here. The 609 

initial 142Nd isotope composition is shown for older ages by the dashed line in figure 8.  610 

If this sample crystallized around 60 Ma after the beginning of accretion, its initial 611 

142Nd/144Nd ratio would be in agreement with the evolution of a depleted Moon similar 612 

in composition to the EDR, or to a Moon with an initial 142Nd/144Nd similar to the 613 

average of enstatite chondrites. Considering the analytical error on the 142Nd/144Nd 614 

measurement, this timing interval could be reasonably expanded to 100 Ma. In this case 615 

the FAN 62255 can be seen as the only FAN analyzed in this study that may have 616 

preserved the original signature of the LMO crystallization whereas other FAS rocks 617 

have known a more complex history. Among all the samples analyzed in this study, only 618 

15415, 62255 and 65315 are classified in the FAN subgroup defined by James et al. 619 

(James et al., 1989). Samples 60025 and 62236 are more enriched in mafic phases. 620 

Figure 7 shows that the 142Nd-143Nd isotope signatures of 15415 cannot be reconciled 621 

with a two-stage model evolution and this may suggest a disturbance of the Sm-Nd 622 

systematics after 146Sm became extinct. Argon-Argon ages determined on this sample 623 

range widely from 3.9 to 4.1 Ga (Stettler et al., 1973; Turner, 1972 ) with the 3.9 Ga age, 624 
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in particular, suggesting that this rock was affected by Imbrium basin formation. No 625 

182W isotope variation has been measured in the FAN 62255 suggesting that this sample 626 

crystallized later than 60 Ma after the beginning of the solar system history (Touboul et 627 

al., 2009). 628 

 629 

 630 

5.3. Earth-Moon relationship 631 

Dating the giant impact that formed the Moon is a difficult task, and although 632 

some results in the past suggested a lunar formation age close to the age of the solar 633 

system (e.g; Alibert et al., 1984; Kleine et al., 2005), recent studies are more in 634 

agreement with a younger age. Results from the short-lived 182Hf-182W chronometer 635 

showed that the lunar magma ocean crystallized after the lifetime of 182Hf or no earlier 636 

than 60 Ma after the beginning of accretion since in these samples there is no 637 

correlation between the Hf/W ratios and the abundance of 182W (Touboul et al., 2007 ; 638 

Touboul et al., 2009). The two oldest precise radiometric ages for lunar samples are 639 

4.43±0.03 Ga for a feldspathic clast in the lunar meteorite Y-86032 (Sm-Nd by (Nyquist 640 

et al., 2006) and 4.417±0.006 Ga for the 6 oldest U-Pb ionprobe spots on a zircon 641 

extracted from the matrix of the clast-rich impact melt breccia 72215 (U-Pb (Nemchin et 642 

al., 2009).  In this zircon, the majority of U-Pb spot ages range down to 4.33 Ga.  We 643 

consider that the very old age determined for a ferroan noritic anorthosite clast from 644 

breccia 67016 (Alibert et al., 1994) cannot be taken as a reference for the age of lunar 645 

crust formation (see section 5.1). The younger ages of some FAS rocks from the mafic 646 

magnesian sub-group (60025, 62236) suggest that not all FAS rocks formed by 647 

plagioclase flotation in the magma ocean in agreement with the conclusion that no single 648 

petrogenetic model consistently explains all the characteristics of the various members 649 

of the FAS (e.g. Steele and Smith 1973; James 1981; James et al., 1989; Floss et al., 1998). 650 

These ages could reflect either later remelting of the lunar interior by impacts, later 651 

diapirism of anorthositic mushes from below the crust (Longhi and Ashwal, 1985) or a 652 

prolonged time of solidification reflecting tidal heating of the lunar crust due to its 653 

proximity to the Earth (Elkins-Tanton et al., 2011). 654 

As is the case for lunar chronology, evidence from Earth for the existence of crust 655 

prior to ~4.4 is not obvious. The oldest ages for Hadean zircons from western Australia 656 

are essentially 4.35 Ga (Cavosie et al., 2007) except for two ion-probe spots  dated at 4.4 657 
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Ga (Wilde et al., 2001).  These ages are similar to the 146Sm-142Nd age for mafic gneisses 658 

from the Nuvvuagittuq greenstone belt in Canada (O'Neil et al., 2012). The similar Hf 659 

isotopic composition of Hadean terrestrial zircons and lunar zircons (Kemp et al., 2010; 660 

Taylor et al., 2009) supports the contemporaneous formation of the crusts on both the 661 

Earth and Moon. Different isotope studies suggest, however, that Earth would have 662 

experienced successive large-scale differentiation events during its first stages of 663 

evolution and prior to the Moon formation. The recent findings of well-resolved 182W 664 

excesses measured in a variety of Archean/Hadean terrestrial rocks provides evidence 665 

of differentiation events occurring within 50 Ma of solar system formation that were 666 

preserved through at least the first 1 to 1.5 Ga of Earth history (Touboul et al., 2012; 667 

Willbold et al., 2011).   A circa 4.4 Ga age is in agreement with the timing interval for 668 

Earth’s atmosphere estimated using noble gases (Allègre et al., 1986 ; Mukhopadhyay, 669 

2012). Finally although some debate exists on the initial 142Nd/144Nd ratio of the Earth, 670 

all models of Earth’s accretion based on a mixture of chondrite components would 671 

produce an Earth with a 142Nd signature different from that of the modern terrestrial 672 

mantle, which then requires a very early differentiation of the silicate Earth in the first 673 

few tens of Ma of solar system history, thus before the giant impact event forming the 674 

Moon (Boyet and Carlson, 2005). Enstatite chondrites are the closest to the accessible 675 

silicate Earth for their 142Nd/144Nd ratios, but in average this group still have a 676 

resolvable deficit of 10 ppm (Gannoun et al., 2011). The nature of the building blocks 677 

making the Earth is still widely controversial.  For example, Burkhardt et al. (Burkhardt 678 

et al., 2011) showed that the Mo isotope signature of the Earth cannot be reconciled 679 

with any combination of chondrites.  680 

 681 

 682 

6. Conclusion 683 

We present data on 146Sm-142Nd and 147Sm-143Nd systematics measured on 684 

several samples from the lunar crust belonging to the FAS group. The samples do not 685 

define statistically significant regression lines when they are plotted in isochron 686 

diagrams for either the 147Sm-143Nd or 146Sm-142Nd systems. This suggests that they do 687 

not have the same crystallization age, they come from different sources, or at least some 688 

samples have had their Sm-Nd systematics disturbed by shock metamorphism.  Due to 689 

its short half-life, the 146Sm-142Nd system is less sensitive to open-system behaviour that 690 
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occurred after 4.1 Ga due to the extinction of 146Sm . All FAS rocks have deficits in 142Nd 691 

relative to the JNdi-1 terrestrial standard in the range -45 to -15 ppm after correction of 692 

secondary neutron capture produced during the cosmic ray exposure of the lunar crust. 693 

We have explored the implications of their initial isotopic compositions for 694 

crystallisation ages in the range of 50-300 Ma after the beginning of accretion. Evolution 695 

models considering both a bulk-Moon with superchondritic Sm/Nd ratio or an initial 696 

142Nd isotope composition similar to that of enstatite chondrites with chondritic Sm/Nd 697 

ratio are more consistent with the Sm-Nd data measured on FAS rocks compared to a 698 

model considering a bulk-Moon of ordinary chondritic composition. Our results confirm 699 

the idea that most FAS rocks are not a primary product of the lunar magma ocean 700 

crystallization. 62255, which is classified in the ferroan anorthosite subgroup has the 701 

largest deficit in 142Nd  and does not appear to have followed the same differentiation 702 

path as the other analyzed samples. The 142Nd isotope composition of this sample 703 

suggests instead a crystallization age around 60-100 Ma after the beginning of solar 704 

system accretion. If so, this sample could be the only FAN so far analyzed for 142Nd that 705 

has preserved the direct memory of the lunar magma ocean crystallization and this age 706 

would correspond to the age of the giant impact forming the Moon.  707 

 708 

 709 
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Table 1. Sm isotope composition measured on unspiked samples and terrestrial 919 

standards. The difference between terrestrial ratios and those determined in FAS 920 

samples is expressed in epsilon notation. Sm isotope ratios have been calculated using 921 

two different normalization schemes. Errors are 2 for standards and 2/√n for 922 

samples.  The Sm isotope composition of sample 60025 was measured in (Boyet and 923 

Carlson, 2007) and no Sm anomaly was found. The Sm isotope composition of 62236 924 

normalized to 148Sm/154Sm is presented in Borg et al (1999). This sample has a 925 

substantial neutron exposure history with 149Sm and 150Sm equal to -30.8 and 61.4, 926 

respectively. 927 

 928 

Table 2. Sm/Nd ratios and Nd isotope composition of FAS samples. Sm/Nd ratios have 929 

been measured by isotope dilution. Isotope measurements were performed on the DTM 930 

Triton during two periods (sequence 1 and sequence 2 in 2010). 142Nd/144Nd ratios 931 

were measured using both dynamic and static routines whereas 143Nd/144Nd and 932 

145Nd/144Nd were measured statically only. Errors are 2 for standards and 2/√n for 933 

samples. The 142Nd/144Nd isotope ratios of two samples (15415 and 62236) have been 934 

modified by neutron fluence effect and the correction method developed by Rankenburg 935 

et al (2006) has been applied (see text). 936 

60025* corresponds to the sample measured by Boyet and Carlson (2007) using the 937 

same instrument. For this sample, the 142Nd was calculated using the average value for 938 

the terrestrial standard during the 2007 study. 939 

 940 

 941 

Figure caption 942 

 943 

Figure 1. Reproducibility of the 147Sm/144Nd isotope ratio obtained with different 944 

dissolution procedures. Experiments were made on 1 g sample aliquots of a terrestrial 945 

anorthosite. Method 1: dissolution in concentrated HF-HNO3 acids in Teflon beakers 946 

(n=4). Method 2: dissolution using a mixture of 66% lithium tetraborate – 33% lithium 947 

metaborate. The Sm-Nd isotope tracer was added before the REE co-precipitation with 948 

Fe (n=3). Method 3: dissolution using a mixture of 66% lithium tetraborate – 33% 949 

lithium metaborate. The Sm-Nd isotope tracer was added after the REE co-precipitation 950 

with Fe (n=3).  951 
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 952 

 953 

Figure 2. Influence of cosmic ray produced secondary thermal neutrons on the Sm-Nd 954 

isotope composition of lunar samples. A. Sm isotope composition of lunar samples 955 

expressed relative to the terrestrial isotope composition (epsilon notation). Effect of 956 

neutron capture due to cosmic rays is shown by the 149Sm-150Sm negative correlation. 957 

In the FAS samples analyzed in this study, only two samples have 149Sm abundances 958 

different from the terrestrial value: 62236 (measured by Borg et al., 1999) and 15415. 959 

The open square corresponds to 15415 and represents Sm values calculated with 960 

measured isotope ratios normalized to 147Sm/152Sm =0.56081. Using this normalization, 961 

sample 15415 does not plot on the correlation line. One explanation is the production of 962 

152Sm caused by neutron capture on 151Eu. Sm isotope ratios have been recalculated 963 

using the normalization ratio of 148Sm/154Sm=0.49419. Using this calculation, the sample 964 

plots on the correlation line. Borg et al. (1999) already considered this effect when they 965 

measured 62236 and isotope ratios were normalized to 148Sm/154Sm=0.49419. Sm 966 

isotope data presented in this paper are all normalized to the 148Sm/154Sm ratio. The 967 

choice of the normalization ratio has no consequence on mare basalt Sm isotope 968 

composition because these samples have low Eu/Sm ratio so the 152Sm production by 969 

neutron capture on 151Eu is negligible. B. Correction of the 142Nd/144Nd ratio using the 970 

measured 149Sm/154Sm ratios. In 2007, Boyet and Carlson applied a correction following 971 

the equation developed in Nyquist et al., (1995) where the value of 41,000 barns is 972 

considered for the tabulated neutron capture cross section. Instead the value of 71,627 973 

barns has been used in Rankenburg et al., (2006) and Brandon et al., (2009). The 974 

difference on the corrected 142Nd/144Nd ratio using the two methods is significant only 975 

for sample 62236 since it is higher than the external reproducibility of 5 ppm on the 976 

142Nd/144Nd ratio of the terrestrial JNdi-1 standard. 977 

 978 

 979 

Figure 3. Comparison of 142Nd/144Nd ratios measured in both dynamic and static modes. 980 

All data are normalized to the standards reported in Table 2 for each of the distinct 981 

analytical campaigns. 982 

 983 

 984 
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Figure 4. 62236 Sm-Nd isochron plot defined in Borg et al., 1999. Our 62236 WR 985 

measurement has been added to the figure for comparison. In Borg et al. (1999) Nd 986 

isotope were corrected using the 146Nd/144Nd ratio of 0.72414 so our measurement 987 

plotted in this diagram has been calculated using the same correction scheme. Our WR 988 

measurement falls to the right part of their isochron.  989 

 990 

 991 

Figure 5. 147Sm-143Nd isochron diagram for FAS rocks. The internal isochron published 992 

in Borg et al. (2011) is represented by the dotted line. The most radiogenic mineral 993 

phase for the 60025 isochron (olivine + pyroxene; 147Sm/144Nd=0.3) is not shown here. 994 

The FAS regression line considers the 5 WR samples (15415, 60025, 62236, 62255, 995 

65135). 996 

 997 

 998 

Figure 6. 146Sm-142Nd evolution diagram for FAS whole rocks. Results obtained on the 999 

FAN 60025 and published by Borg et al. (2011) are shown. We note a 142Nd/144Nd vs. 1000 

144Sm/144Nd correlation for whole rock FANs, however they do not yield a statistically 1001 

significant isochron. 1002 

 1003 

 1004 

Figure 7. Coupled 142Nd-143Nd source models. The initial compositions of the FAS 1005 

rocks have been recalculated back to different ages ranging from 50 Ma to 300 Ma after 1006 

the beginning of solar system formation. The age determined on samples 60025 (Borg et 1007 

al., 2011) and 62236 (Borg et al., 1999) are indicated by the squares. The two upper left 1008 

and lower right quadrants are not allowed in case of coupled two-stage evolution of 1009 

both 146Sm-142Nd and 147Sm-143Nd systematics. 1010 

A. Differentiation from a mantle with ordinary-chondritic composition 1011 

(142Ndtoday=-18 ppm / JNdi-1 standard; see (Boyet and Carlson, 2005). 147Sm-1012 

143Nd parameters are those defined in Bouvier et al. (2008). Black lines show the 1013 

evolution of differentiated reservoirs formed during the first 300 Ma of the solar 1014 

system history. The timing is represented in grey. In black are noted the value of 1015 

the 147Sm/144Nd ratios for the different early-formed reservoirs. 1016 
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B. Differentiation from a mantle with enstatite-chondritic composition 1017 

(142Ndtoday=-10 ppm / JNdi-1 standard; see Gannoun et al., 2011). 147Sm-143Nd 1018 

parameters are those defined in Bouvier et al. (2008). 1019 

C. Differentiation from a depleted mantle characterized by a 147Sm/144Nd ratio of 1020 

0.209 since 4.568 Ga (Boyet and Carlson 2005). 1021 

 1022 

 1023 

Figure 7. 142Nd/144Nd evolution model of the lunar interior. 142Nd/144Nd ratios are 1024 

expressed in ppm values relative to the ordinary chondrite reference (≈ -18 ppm 1025 

relative to the JNdi-1 terrestrial standard, see (Gannoun et al., 2011). 142Nd/144Nd ratios 1026 

for FAS rocks are recalculated back to different crystallization ages ranging from 150 to 1027 

200 Ma after the beginning of solar system formation considering the measured Sm/Nd 1028 

ratios. The age of 4.36 Ga for 60025 is represented by a square (Borg et al., 2011). 62236 1029 

has been recalculated back to younger ages since Borg et al. (1999) have dated this 1030 

sample at 4.29 Ga (square).  The 142Nd/144Nd isotope compositions of samples 15415, 1031 

60025 and 62236 can be reproduced by a two-stage evolution model considering that 1032 

the bulk moon evolved with a superchondritic Sm/Nd ratio beginning at 4.568 Ga, then 1033 

at 100 Ma after the solar system formation, the Moon formed by giant impact and the 1034 

crystallization of the magma ocean produced a FAS source reservoir characterized by 1035 

low Sm/Nd ratios (147Sm/144Nd in the range 0.16-018 represented by the grey fields). A 1036 

lunar magma ocean crystallization at 150 Ma or later cannot be reconciled with the data 1037 

measured on samples 15415, 60025 and 62255. FAN 62255 has a lower initial 1038 

142Nd/144Nd ratio compared to other FAS rocks measured in this study and the model 1039 

proposed here does not fit with this sample suggesting that some FANs have known a 1040 

different history.  The conclusions are similar if we consider that the bulk Moon evolves 1041 

with an enstatite chondrite Sm-Nd composition during the first stage. In this case the 1042 

initial 142Nd isotope compositions of samples 15415 and 60025 are best explained for a 1043 

differentiation event that took place 125 Ma after the beginning of solar system 1044 

accretion (intercept between the enstatite chondrite line and the light grey field). 1045 
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